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[57] ABSTRACT

Novel compounds or compositions are provided capa-
ble of serving as solid electrolytes involving interca-
lated dichalcogenides having a combination of a tetra-
valent metal ion with a metal ion of lower oxidation
state and a compensating amount of alkali metal ions to
provide a substantially electrically neutral structure.
The compositions have the formula:

AxMTi <X

where A is an alkali metal ion, M is a metal 1on of lower
valence state than T, T is a metal capable of forming a
stable substantially electrically non-conductive mter-
calatable chalcogenide and X is a chalogen. Also in-
cluded are batteries employing the subject compositions
as the solid electrolyte.

19 Claims, No Drawings
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IONIC CONDUCTIVITY MATERIALS, SUITABLE
FOR CONSTITUTING SOLID ELECTROLYTES
FOR DRY CELLS AND BATTERIES

BACKGROUND OF THE INVENTION

This application is a continuation-in-part of our co-
pending patent application Ser. No. 768,813, filed Feb.
16, 1977, now abandoned.

The subject parent application claims priority
French application Ser. No. 76 04598, filed Feb. 19,
1976.

]. Field of the Invention

The invention relates to new compounds or composi-
tions capable of serving as solid electrolytes in dry cell
and battery systems. In particular it relates to stable
 lammelar intercalates characterized by high ionic con-
ductivity. |

2. Description of the Prior Art

It has long been known that certain dichalcogenides
have lamellar molecular structures and that they can be
intercalated by certain counterions, e.g. ammonium,
alkali and alkaline earth metals as salts. Also, known is
that certain transition metal sulfides, i.e. those of metals
from Group VB, can be intercalated to impart super-
conductive characteristics, such as those taught in U.S.
Pat. No. 3,769,210.

Alkali intercalation compounds, i.e. compounds into
which elemental alkali atoms have been introduced are
known to be excellent ionic conductors, as well as good
electronic conductors. See for example, Murphy, et al.,
Inorganic Chemistry, 151,17 (1976). Their electronic
conductivity, however, precludes their use as solid
electrolytes for cells or batteries since it would be im-
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larly a trivalent valence state used in combination with
an alkali metal 1on.

DETAILED DESCRIPTION

Novel compounds or compositions of the present
invention are typically of the formula:

AxMy T - xX2

of 10 wherein

X is between 0 and 1, typically between from about
0.2 to about 0.8, preferably from 0.35 to 0.8 more
preferably about 0.4 to 0.6, and with certain mixed
chalcogenides, particularly preferred 0.5;

A is alkali metal ion, i.e. sodium, lithium, potassium,
rubidium or cesium, preferably sodium and lithium

‘because of their greater mobility;

- M is a metal ion from Group IIIA, IIIB, VA, VBor
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batteries thus formed, even when open-circuited.

B-Alumina is known as a useful solid electrolyte,
particularly in an alkali metal, e.g. Na, sulfur battery
system. In such systems, the solid electroltye is associ-
ated with a cathode consisting of an alkali metal and an
anode formed of sulfur and alkali polysulfides. Such
batteries are capable of supplying electric current when
their temperature is such that the electrodes are molten.
A problem encountered with the use of these alkali-sul-
fur battery systems is that contamination of the oxygen
containing solid electrolyte e.g. B-alumina, by the sulfur
causes lowered performance and such contamination is
difficult to avoid with the use of oxygenated electro-
lytes.

It is therefore desirable to produce oxygen free solid
electrolyte materials, capable of being advantageously
utilized in dry batteries and cells, particularly alkali
metal-sulfur type systems, which will not be subject to
contamination by sulfur.

" SUMMARY OF THE INVENTION

It has now been found that when metal chalcogenides
are intercalated with a mixture, normally equiatomic, of
alkali and other metal ions as a mixed dichalcogenide,
particularly ions of metals in Groups IIA, IIIB, VA,
VB and VIB of the Periodic Table of the Elements, the
resulting oxygen free compositions. are capable of serv-
ing as solid electrolytes without the inherent disadvan-
tages associated with known oxygen containing materi-
als presently used, i.e. 8-alumina. Particularly useful are
the metals of groups IHIA, IIIB, VA, VB, and VIB,
which have a valence state lower than that of the metal
of the metal chalcogenide being intercalated, particu-
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VIB of the Periodic Table of elements, typically
with an atomic number of at least 24, usualy having
a +3 valence state, such as indium, thallium, scan-
dium, yttrium, lanthium, antimony, bismuth, tanta-
lum or chromium, preferably, yttrium, indium,
bismuth, antimony tantalum and chromium;

T is a metal of Group IVA and IVB or thorium,
preferably zirconium, hafnium, thorium and tin,
capable of forming a stable, substantially non-elec-
trically conducting, i.e. non-conductive or semi-
conductive, intercalatable chalcogenide and X 1s a
chalcogen, typically having an atomic number of
16 to 52, i.e. sulfur, selenium and telluruim, prefera-
bly 16 to 34.

Of particular interest as metal dichalcogenides TX;
are metals having a sufficient energy gap between the
bond band and conduction band to minimize electronic
conductivity. The introduction of the tervalent metal
into the dichalcogenide structure does not change the
electronic properties of the dichalcogenide, but is able
to suppress the electronic conductivity of the interca-
lated alkali metal 10n.

The alkali metal ions occupy interstitial sites previ-
ously free in the dichalcogenide structure. The struc-
ture will normally be of thin sheets (lamellar chalcogen-
ides) or fibers (pseudounidimensional chalcogenides).

The optimum value for X is respect of 1onic mobility
may be determined empirically for each combination of
elements. For combinations having indium and zirco-
nium chalcogenides, the optimum values for X are in
the range of about 0.5+0.3, preferably *0.1. Particu-
larly preferred compositions are compounds employing
sodium or lithium in combination with zirconium disul-
fide AxMxZr(1—xS2 where A is lithium or sodium and
X is in the range of 0.3 to 0.8, particularly 0.35 to 0.3,
and more preferred 0.4 to 0.6, particularly O.5.

Compositions of the present invention are character-
ized by high ionic conductivity, and low electrical con-
ductivity and are particularly useful as solid electro-
lytes.

Typically, they will have ionic conduction properties
similar to B-alumina as evidenced by similar activation
energies, i.e. of the same order of magnitude. The acti-
vation energy of B-alumina is 0.164 ev, and the activa-
tion energies of the compounds or compositions of the
present invention will be approximately the same order
of magnitude, more specifically in the range of from
about 0.15 to about 0.8 ev. The activation energy relates
to the energy required for diffusion of the alkali metal
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ion in the chalcogenide and can be determined by
known ways, such as complex impedance or nuclear
‘magnetic resonance.

Compositions of the present invention are typically
produced by reacting stoichiometrically appropriate
quantities of various chalcogenides according to the
following formulas:

XAMSZf“ X}TSZ TAxM T 152 (1)

Such methods are easily and inexpensively carried out.
Typical of a method of manufacture according to reac-
tion 1 1s:

¥NaYSy i (b y)7ZrS; TNayYZir(r x)52,

and according to Reaction I is:

(x/2)NapS + (x/2)In2Sy1 1 (F x)7rSy »Nay.
In,Ziry 57

The compounds obtained are in general colored,
contrary to the corresponding elemental alkali interca-
lation compounds which are black.

- The subject invention also provides a method of
preparation which comprises combining in appropriate
proportions the intercalatable metal dichalcogenide
(TX3) with a mixed dichalcogenide (AMX>3), where the
chalcogen of the chalcogenides may be the same or
diffcrent, and heating the mixture in an inert (oxygen
and moisture free) environment, ¢.g. in vacuo or under
N2, gencrally at temperatures in the range of about 800°
to 900" C. The reaction will normally be continued to
completion, generally a matter of days.

The mvention also relates to dry batteries and cells
which are characterised in that their solid electrolyte is
comprised of the new compounds or compositions pro-
vided herein. Normally, the electrolytes are comprised
of a compound wherein A, the alkali ions present in this
ncw composition are the same as the metal principally
contained in the anode of the battery system, A°. More
specifically, dry batteries and cells are preferred which
can be designated conventionally by the following for-
mulations: |

SVAMT (S2/A°

m which symbol (S) refers to the sulfur electrode,
which also includes the liquifiable sulfurate electrolytes,
c.g. polysuifides, A, A°, M, T and x having the mean-
ings already indicated above. "

Particularly preferred embodiments are dry batteries
or cells which can be represented by the following
formulations:

(5)/NaylnZirp  \S2/Na

(S LidnZry  Sy/L.0

Other characteristics of the invention will become
evident from the description of several examples which
are provided by way of illustration and not by way of
limitation.

EXAMPLE |

Preparation of the composition of the formulas:
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Nan. solng, soZ.rg. 5052

Indium sulfide, 1n2S; (0.6134 g), sodium sulfide
(2.5608 g) ‘and zirconium sulfide ZrS; (2.4414 g) are
introduced into a silicon flask which is then sealed
under vacuum. The flask is heated to a temperature of
900° C. which is maintained for 6 days. After opening
the flask a product of a yellow brown color is recovered

of formula Nay solng soZro.50S2. It is stable in air and has
an 1ontc conductivity of the same order of magnitude as
that of B-alumina, i.e. 0.28 ev.

EXAMPLE 2

Preparation of the composition of formula:

L.10.40Y0.407:10.6052

A mixed sulfide of lithium and indium LiYS; (1.3012
g) and zirconium sulfide ZrS; (1.6306 g) are introduced
into a silicon flask which is then sealed under vacuum.
The flask 1s heated to a temperature of 950° C. which is
maintained for 6 days. After opening the flask a product
of-a yellow brown color was recovered of formula
Li0.40Y0.40Z10.60S2. It was stable in air and presented an
lonic conductivity of the same order of magnitude as
that of 8-alumina.

The subject compounds should be prepared in a con-
trolied atmosphere chamber to avoid reaction with
water.

EXAMPLE 3

Following the general procedure set forth in Exam-
ples 1 and 2, the following compounds were prepared:

Encrgy of activation

Composition (electron volts)
Nag sIng 55n0,552 - (.28
Nag gIng xS 2572 (.56
Nag, 3510, 357106552 | (.27
Nag gIng 870,252 ().33
Nag.sY0.57.r).552 (0.41
b.10.5Y 0,571,592 ().60)

The subject invention provides novel dichalcoge-
nides which have good ionic conductivity, low or no
electrical conductivity, and are not subject to degrada-
tion or modification by the electrode material of alkali
metal-sulfur batteries, particularly reaction with sulfur
or polysulfides. The compositions can be fabricated to
provide solid electrolytes for liquid electrodes involv-
ing alkali metals, and the alkali metal ion of the solid
electrolyte can be chosen in conformance with the al-
kali metal cathode of the battery. The subject composi-
tions are easily prepared to provide air stable, inert
compositions whose properties may be widely varied in
accordance with the desired use.

What is claimed is:

1. A composition having high ionic conductivity and
minimal electronic conductivity comprising a stable,
intercalatable chalcogenide having a wide energy gap
between the bond band and the conduction band and
having intercalated therein an equiatomic amount of an
alkalt metal ion and a metal ion having a valence state of
one less than that of the metal of said chalcogenide.

2. Composition according to-claim 1 of the formula:

AxMT X X2
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wherein

x 18 greater than 0 but less than |1

A 1s an alkalt metal ion:

M 1s a metad ionin group HIEA, 1TIB, VA, VB or VIB
of the Periodic Table of Elements having a valence
state less than that of ‘T by at least onc:

Tis a metal in group IVA, IVB or thorium capable of
forming a stable, intercalatable and substantially

~non-conducting chalcogenide; and

X is chalcogen.

3. Composition of claim 2, whercin x is from 0.2 to
(1.8, and M has an atomic number of at Icast 24.

4. Composition according to claim 3, wherein A s
sclected from the group of sodium and lithium, T is
sclecied from the group of zirconium, hafnium, thorium
and tin and X is sclected from the group of sulfur, scle-
nium and tellurium.

5. Composition according 1o claim 4, whercin X is of
from about 0.4 to about 0.6.

6. Composition of the formula:

AMTE X,
wherein

x 18 (1.2 to 0.8

A 1s 1.1 or Na;

Mis Y, In, Bi, Sh, Cr or Ta:

T s Zr, Hf, Th or Sn: and

X 1s S, Scor Te.

7. Composition according to claim 6, wherein X is
0.5.

8. Composition according to claim 6, whercein x is 0.4
to (6.

9. Composition according to claim 6, wherein x is
(.35 to (.8.

10. Composition according to claim 6, wherein T is
VAN

5

6

11. Composition according to claim 6, wherein T is
Sn.

12. Composition according to any of claims 10 and
11, wherein X s S.

13. Aoas os Inogs ox Zro2 065 S2 wherein A is Li or
Na.

14. An.as ok Yos ox Ziro2 0.6s Sz wherein A is li or
Na.

15. Ao.3s 0.8 Inoas o8 Snoo 0.05 S wherein A is i or

10 Na.
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16. A method for preparing a composition according
to claim 1 comprising:

combining said intercalatable chalcogenide with, in

combination in cquiatomic amount an alkali metal
chalcogenide and a metal chalcogenide, wherein
Lhe valence of said metal is one less than the metal
of said intercalatable chalcogenide, in an inert at-
mosphere at a temperature in the range of about
800° 1o 900° C. for a time sufficient to produce said
composition.

17. A mcthod according to claim 16, wherein, said
composition is of the formula:

AMT X

wherein A is Na, Li, K, Rb or Cs, M is a metal from
groups 1HA and I1IB, VA, VB or VIB, T is a mctal
from groups IVA or IVB and A is said alkali metal ion
and M is said metal ion of one less than said metal T of
said mtercalatable chalcogenide.

18. A solid clectrolyte for dry batteries or cells hav-
Ing as an clectrolyte a composition according to any of
claims 1 to 6.

19. A dry battery or cell having alkali metal and
sulfur as clectrodes and a solid clectrolyte according to

claim 18.
# | ¥ " N
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